In this paper, different lasers such as ruby, Argon, Nd:Y AG, He Ne, and CO 2 are used to expose the eyes of rabbits as a simulation of the human eyes accidental laser exposure. Quantitative irradiance causing threshold damage (lesion) in as a function of wavelength under different pulse durations is studied. The retinal damage studies have shown that the threshold retinal damage decreases as increasing the exposure time. Our results also showed that the retinal sensitivity to threshold damage decreases as increasing the wavelength under different pulse duration. The basis of the physical and analytical models used to predict and analyze the laser hazards and their effect on the eye are presented. The proposed physical and analytical models include the representation of the laser and the eye characteristics are used for predicting the radiometric aspects and calculating the overall laser intensity exposing the eye. Other parameters that impact the evaluation such as atmospheric attenuation, laser wavelength, and divergence angle are considered in the proposed model. The proposed algorithm is used to predict many parameters such as hazardous distance, total incident power on the eye and the reflectance of the proposed protection filter. The simulation results of the proposed algorithm are in good agreement with the measurement results.
Introduction:
With the dramatic growth in the application of lasers in everyday activities, as well as their routine utilization in scientific laboratories, industrial and military environments, many more investigators must necessarily face the matter of laser safety. Lasers have become integral components of many current optical microscopy techniques, and when combined with complex optical systems, they can constitute a significant hazard if safe procedures are not strictly followed. Recently, High Energy Laser (HEL) systems have been dramatically advances especially for military and industrial applications. Laser based new weapon systems may be risky for people because of the hazardous laser exposure during tests, training, or operational use. Accidental laser retinal injury, exposure to laser hazards, and battlefield may cause permanent vision loss. Numerous cases of accidental laser eye injuries have been reported [1] - [6] . Laser emission is similar to direct sunlight exposure in that the light arrives at the eye in parallel rays, which are very efficiently focused on the retina, the rare surface of the eye that senses light. Location of the laser lesion within the retina dependents on the laser light wavelength, beam intensity, distance from the laser, power of the laser (both average power over long intervals and peak power in CW and pulsed lasers, respectively) and energy absorbed in the tissue. Despite the increasing risk to military personnel from battlefield and accidental laser exposures, there is still no standardized evaluation and treatment regime for laser eye injuries. Additionally, there is currently no functional metric to assess recovery from laser eye injury over time that is correlated to morphologic metrics currently in use [7] . The amount of visual disruption by individuals exposed to a visible laser source at levels, which are below that, which will damage the cornea or retina will depend on laser exposure parameters and task demands. Many trials have been reported in many publications such as in [8] for studying the visual disruption experienced by individuals who have been exposed to visible laser sources under various laser exposure parameters and/or test conditions however the effect of chromic or multiple exposures is almost completely unknown. The subject of laser safety has evoked much emotional controversy over a period of years. Standards for laser safety are still in an evolutionary stage. With careful evaluation of the hazards and [9] . Protection in industrial or laboratory settings is normally achieved by ensuring that no unprotected persons are in the potential hazard zone and by the use of simple safety measures such as controlled entry, beam containment, and warning lights [10] . Such safety measures are sufficient to manage risk associated with laboratory and industrial use of HEL systems; however, when these systems move outdoors, for testing on open ranges, new safety issues arise and standard safety measures are impractical. Also, it is highly recommended to ensure that diffuse and specular reflections from HEL system targets, as well as direct beam paths will not harm human beings. Simple calculations become impractical when the laser source and the target are moving. In this paper we have defined the hazards to the eye in terms of number of exposure parameters such as power density for a minimum observable burn. There are some data indicating microscopic histological changes that can occur at lower levels than the burn threshold, so safety codes usually apply some safety factors. Also, in this paper we utilize a deterministic approach to laser hazard evaluation technique. This technique is used to provide an analysis of locations where hazard from direct, reflected, or scattered radiation might exist during laser operation.
The suitable model is used as a simulation tool that automates HEL hazard evaluation. In this paper the physiological effects of different lasers are discussed in section II. The transmission and absorption characteristics of the eye are illustrated in section III.
Section IV includes the experimental results, analysis and discussions of subjecting the eye to different lasers. The effective power calculations and eye protection are presented in Sec. V. Finally, Sec. VII includes the summary and some conclusions.
Physiological Effects:
The general anatomy of the human eye is illustrated in figure (1) [11]- [13] , with emphasis on the structures that are likely to be damaged by absorption of intense radiation. The most sensitive structures of the body to the laser radiation are the retina (the photosensitive surface at the back of the eye), the cornea (the front transparent layer of the eye), and the skin. The retina can be damaged by visible (0.38 < < 0.76 µm) lasers and near-infrared (0.76 < < 1.4 µm) lasers. The light from ultraviolet ( < 0.38 µm) and far infrared ( > 1.4 µm) lasers does not reach the retina, but can damage the cornea while the skin can be affected by lasers of any wavelength [14] .
Only light in the range from 0.38 to 1.4 µm can penetrate through the interior structures of the eye and reach retina. Interaction of laser beams and the retina have been studied by a number of investigators [11] , [12] , [15] - [18] . It has been shown that at the power levels used for interactions of minimal damage and for clinical applications, very little of energy is absorbed by the photopigments of the eye. The pigment epithelium and choroids absorb the majority of the energy that reaches the funds. The resulting interaction causes thermal damage to the tissues in the funds of the eye. Because of its high density of melanin granules, the pigment epithelium is the place where the highest absorption per unit volume takes place. The highest temperature rise in the back of the eye will thus take place near or inside the pigment epithelium layer. Because of the geometry of the absorbing layers, the thermal conduction can take place away from the interaction region. The size of the interaction area plays a very important role as far as temperature rise and decay of the exposed site are concerned [9] . 
Eye Characteristic And Hazards:
The physical response of the human eye differs for light of different wavelengths, and this has a bearing on the potential damage that may occur for several reasons that will be discussed below. It is notable that a common warning for most categories of laser is Figure (2) illustrates that the ocular media is a good transmitter for the visible and near infrared radiations. Therefore, radiation whose wavelength fall in this range will reach the retina with very little loss to the ocular media. Wavelengths in the infrared region, however, are highly absorbed because of the water contents in the media. This figure also shows the absorption characteristics of the melanin granules (retina) responsible for the major part of the absorption in the pigment epithelium and choroids (or it shows the product of transmission through the ocular media and absorption in the various layers of the retina). If the light is intense enough, it can damage the structures in which it is absorbed, usually the cornea. Also, it is observed that the most effective wavelengths that can heat the pigment epithelium are those fall in the blue-yellow region of the visible spectrum. The optical gain of the relaxed human eye for a highly collimated beam, which is the ratio of the area of the eye's pupil to the retinal (focused) image area, is on the order of 100,000. This corresponds to five orders of magnitude irradiance increase from the corneal surface to the retina. Since a collimated laser beam entering the eye would be focused to a small area on the retina, the power density in the focal spot would be much higher than that of the incident beam at the entrance of the eye.
Since the diameter of the beam on the retina could be approximately 20 µm, a very large increase in power density is possible [19] since the power density is described by . Therefore, the retina could be damaged at certain levels where other structures of the body would not be endangered. The seemingly low rated power of lasers can be very misleading with respect to the damage possible when the energy is concentrated to this extent. 
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Experimental Methods And Results:
In these experiments ruby, argon, Nd:YAG, He Ne, and CO 2 lasers are used with different pulse rates and power densities. In some experiments a continuous Nd:YAG laser source is used. In this study 40 rabbits were used.
A. Experiment 1
In this experiment retinal lesions were produced by a ruby laser source emitting at the red end of the visible spectrum simulating human accidental laser shock to the central funds. Figure (3) shows the experimental setup for specifying the threshold power causing retinal burns. In these experiments, the left eye of 20 rabbits is exposed to direct exposures. The immediate lesion size/diameter that was involved was variable, typically ranging from 10 to 800 µm of the disk diameter. Laser pulse energy is measured using a Molectron Joule meter. A translation stage is used to move the rabbit eye along the . It is observed that the threshold power for an observable lesion is a strong function of both pulse duration and retinal image size. In our research the threshold is defined as the value at which the observers could barely detect small burns when observing the retina through an ophthalmoscope. It is also noticed that higher energy values than the threshold causes serious damage, including production of large burns and craters in the retina, ejection of retinal material into the vitreous medium of the eye, and hemorrhage within the eyeball.
B. Experiment 2
Another set of experiments are performed using rabbits exposed to an Argon laser of wavelength 488. do not fully match the theoretically predicted results using simple thermal models. This discrepancy is due to the fact that the damage is caused by protein denaturation or inactivation of enzymes. Because of the rate relationship associated with these processes, the length of time of keeping the tissues at certain temperature (exposure time) is an important factor. Hence, there is no unique critical temperature in case of short interaction. For a longer interaction; the same effect can be generated by using a
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slightly lower temperature which means that a lower power laser can cause the same effect when tissues are exposed to that laser for longer time. To assess the effects of laser induced acute and long term damage on the human color vision, it is necessary to select color vision metrics that are capable of detecting the fundamental characteristics of color vision and its unique role in human vision. One of the approaches to attack this problem of diagnostics is to select color vision metrics that rate highly sensitive to three cone photoreceptor systems. Nonhuman primates (NHP) demonstrate that selective cone damage effects can be detected in measures of spectral sensitivity and spectral acuity [20] . The more recent metrics of human color vision assessment emphasizing identification of different systems using chromatic acuity chart systems have demonstrated a similar capability under human clinical conditions [21] . On the other hand, the use of these metrics does not evaluate the higher level of cone system integration required for fine chromatic discrimination across the visible spectrum [13] .
Figure (5): Threshold retinal damage in rabbits by Argon laser photocoagulation

C. Experiment 3
Five rabbits were used and retinal lesion were produced by Nd:YAG laser (1.064 µm).
Exposures under different powers are used and the averaged results are demonstrated in figure (6) . The trend of using the Nd:YAG laser is similar to that for an Argon laser except that the same effect can be observed but higher power is required (typically, the needed power while using Nd:YAG is five times higher than if the Argon laser is used).
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This can be clarified by observing the eye characteristic shown in figure (2) , from which it is noticed that the radiation of wavelength 1.06 µm is one of the highly absorbed wavelength by the ocular media.
Figure (6): Threshold retinal damage in rabbits by Nd:YAG laser photocoagulation
D. Experiments 4 & 5
The same experiments are done using He-Ne laser source and the results are illustrated in figure (7) . Only lesions are observed when the power is approximately greater or equal to 7 mW for long exposure time.
Figure (7): Threshold values of He-Ne laser power needed to cause minimum retinal lesions in rabbits as a function of exposure duration
E. Experiment 6
Another set of experiments are done by subjecting set of rabbits to a CO 2 laser operating at 10.6µm. Radiations of this wavelength don't penetrate to the retina. It is absorbed at
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the cornea and can cause corneal burn. For minimal burns near threshold, the effect is to cause opacity of cornea, which heals within a few days. Figure (8) shows the experimental data on the threshold CO 2 laser power density required to cause corneal opacities. Taking together figures 5-to-8, we conclude that for equal beam powers a visible laser is likely to be more dangerous than infrared laser because of the focusing action of the eye. This can be clarified by knowing that the power at retina is higher than that at the cornea.
Figure (8): Threshold values of CO2 laser power needed to cause minimum damage to the cornea of rabbits as a function of exposure duration
F. Experiment 7
The reciprocal of the threshold retinal irradiance required to produce a minimum retinal burn in rabbits under several exposure times are shown in figure (9) to investigate the retinal sensitivity to the threshold damage as a function of wavelength.
Figure (9) shows that the threshold irradiance using blue lasers is much lower than that of using red lasers. The difference can't be treated as a pure thermal since photochemical action may influence the damage when using blue lasers. This leads to conclude that blue lasers are more dangerous to the retina than red lasers at the same power level. At last, the extrapolation of data from rabbit or other animals such as rhesus monkey eyes to human eyes is not identical and therefore, the effects of laser light on the ability of the human eyes to see have not been completely established, however it is a suitable indication for the determination of the minimum power causes damages to the human eye. Taking all together, experimental results in figures 4-to-9 show that the potential damage to the eye can be categorized with respect to the laser wavelength and the eye structures affected by radiation in the visible and near-infrared spectral region. Thermal burn or photochemical alteration is possible depending upon the energy absorbed. The biological effects on the eye tissues manifested within various wavelength bands are summarized and listed in Table I . • skin burn • Retinal burns cataract Near Infrared (780 1400 nm)
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• skin burn • Corneal burn • Aqueous flare IR cataract Middle Infrared (1400 3000 nm)
• skin burn • Corneal burn Far Infrared (3000 106 nm)
Effective Power Computation Algorithm And Eye Protection:
Laser safety measures and utilities are varied from physical barriers to engineering controls. For eye protection, the barriers are optical materials that minimize as much as possible the amount of energy at that wavelength to reach the eye. The most common eye protection method is to use optical filters [22] . A measure of the ability of an optical component to withstand high laser irradiation is its laser induced damage threshold (LIDT). In our research optical interference filters are used to protect human eyes by preventing laser energy larger than the damage threshold. Using the threshold damage power presented in Sec. IV and the characteristics of a laser source, filter reflectance be predicted according to the proposed algorithm presented as follow:
Any laser source is characterized by the following parameters:
Average/Peak power, P source , wavelength (or range of wavelengths), source , divergence angle of the source, source , power spectrum with respect to wavelength.
Using these parameters, the power density, irradiance, before the protective filter H b is calculated using, 
The power density after the protective filter is given by,
in which T( ) is the spectral transmittance of the optical filter. All together lead to calculate the incident power on the human eye and given by,
in which ) is the ocular media transmission and ) is the pigment epithelium and choroids absorption for each wavelength as shown in figure (2), and A eye is the area of the pupil of the eye. By knowing the exposure time period, t, and specifying the threshold power, P th , of the eye at a specified wavelength using the presented results in section IV, the effective total power incident on the eye can be predicted. If the incident power on the eye is greater than or equal to the threshold power, this means that the filter reflectance is not sufficient to protect the eye at that wavelength and another highly reflective filter should be used. Otherwise, the proposed filter is suitable.
Algorithm Implementation And Results:
The proposed algorithm is implemented using C#.net language. The inputs to the program are the source parameters, the distance between the source and the eye, the ocular media transmission, the pigment epithelium and choroids absorption, and the atmospheric transmission factor. To examine the ability of the proposed algorithm to predict the effective power on the human eye and to propose the suitable filter's reflectance under different distances between the source and the eye, an Argon laser source emitting at wavelength source = 514 nm, its output power is P source = 10 W with divergence angle source =1 mrad is used. Assuming that the time of exposure t = 100 msec, while we assumed that the image size is a = 15µm, and the size of the pupil of the eye is d p =4.37 mm (constant). Therefore, the area of the eye approximately 
Summery and Conclusions:
An exposure setup is used to measure the threshold for laser induced retinal damage in the rabbit eyes using different laser sources under different times of exposure. Animals are sedated and anesthetized for exposure. Full pupil dilation was pharmaceutically induced in the eye to be exposed. For each experiment, the exposure sites are examined and the presence of a minimum visible lesion is noted for each site. The results epithelium because it lies at its focus. The action of exposing the eye to any laser source is modeled and a mathematical algorithm for predicting the total incident power on the eye is discussed. The model has been solved using C#.net computer language and a case study using Argon laser is presented. Optical interference filters are introduced as a safe protection tool when eyes are subjected to laser energy larger than the threshold energy.
It is also concluded that as the exposure time increases sever effects are occurred. Using the proposed algorithm, the maximum exposure time for a given range and power of the source can be predicted. Also, at a given distance and type of hazardous source, the proposed protection filter's reflectance can be predicted. At the end, all the results presented in this paper are based on animal experiments; therefore, these threshold values can be relevant for the establishment of laser safety codes.
